Objective: The aim was to investigate the effects of acute exercise under hypoxic condition and the repetition of such exercise in a 'living low-training high' training on the antioxidant/prooxidant balance. Design: Randomized, repeated measures design. Setting: Faculté de Médecine, Clermont-Ferrand, France. Subjects: Fourteen runners were randomly divided into two groups. A 6-week endurance training protocol integrated two running sessions per week at the second ventilatory threshold into the usual training. Intervention: A 6-week endurance training protocol integrated two running sessions per week at the second ventilatory threshold into the usual training. The first hypoxic group (HG, n ¼ 8) carried out these sessions under hypoxia (3000 m simulated altitude) and the second normoxic group (NG, n ¼ 6) in normoxia. In control period, the runners were submitted to two incremental cycling tests performed in normoxia and under hypoxia (simulated altitude of 3000 m). Plasma levels of advanced oxidation protein products (AOPP), malondialdehydes (MDA) and lipid oxidizability, ferric-reducing antioxidant power (FRAP), lipid-soluble antioxidants (a-tocopherol and b-carotene) normalized for triacyglycerols and cholesterol were measured before and after the two incremental tests and at rest before and after training. Results: No significant changes of MDA and AOPP level were observed after normoxic exercise, whereas hypoxic exercise induced a 56% rise of MDA and a 44% rise of AOPP. Plasma level of MDA and arterial oxygen hemoglobin desaturations after the acute both exercises were highly correlated (r ¼ 0.73). a-Tocopherol normalized for cholesterol and triacyglycerols increased only after hypoxic exercise (10-12%, Po0.01). After training, FRAP resting values (À21%, Po0.05) and a-tocopherol/ triacyglycerols ratio (À24%, Po0.05) were diminished for HG, whereas NG values remained unchanged. Conclusions: Intense exercise and hypoxia exposure may have a cumulative effect on oxidative stress. As a consequence, the repetition of such exercise characterizing the 'living low-training high' model has weakened the antioxidant capacities of the athletes. Sponsorship: International Olympic Committee and the Direction Régionale de la Jeunesse et des Sports de la Région Auvergne.
Introduction
Endurance athletes often incorporate altitude exposure into their training regimen in order to improve their oxygen transport capacity and their subsequent sea-level aerobic performance. However, the efficiency of such training is controversial (Levine and Stray-Gundersen, 1992; Bailey et al., 1998) . Since the beginning of the 1990s, new methods combining endurance training and intermittent hypoxia exposure have been proposed: 'living high-training low' (Levine et al., 1991) and 'living low-training high' (Emonson et al., 1997) . The former method is based on sea-level endurance training and a simulated altitude exposure during sleep in hypoxic rooms whereas the latter method consists in performing endurance sessions at simulated altitude by breathing a hypoxic gas and living at sea-level. Acute physical exercise is known to increase reactive oxygen species (ROS) (Ji, 1996) . During maximal exercise, the oxygen flux (O 2 flux) through the exercising muscles could increase 100-fold above the resting values. In mitochondria, the increase of O 2 flux can lead to an overproduction of superoxide anion (O 2
KÀ
) and oxygen-derived intermediates (Sen, 1995) that contribute to oxidative damage on biological molecules. As a consequence, a significant increase in lipid peroxidation markers (Clarkson and Thompson, 2000) , protein (Sen et al., 1997) and DNA oxidation-derived molecules (Alessio, 1993) are usually described after physical exercise.
Surprisingly, in hypoxic conditions, free radical generation is also observed despite a decrease in mitochondrial O 2 flux. In resting conditions, oxidative stress markers have been detected in humans under hypobaric hypoxia (Bailey et al., 2001a; Jefferson et al., 2004) , at simulated altitude in hypobaric chambers (Joanny et al., 2001 ) and after breathing gas mixture reduced in O 2 content (Wing et al., 2003) . Firstly, the increase in catecholamine production under hypoxic conditions (Mazzeo et al., 1998) could be responsible for oxidative stress. Additionally, in hypoxia, the reduction of mitochondria potential redox owing to an accumulation of reducing equivalent which cannot be transferred to oxygen by cytochrome oxidase (Kehrer and Lund, 1994) also enhances ROS production. Finally, after the return in normoxia, the hypoxia/reoxygenation cycle similar to ischemia/reperfusion in flooding the anoxic tissue with oxygen, can exacerbate free radical generation (Askew, 2002) .
Consequently, exercise associated with hypoxia exposure would worsen oxidative damage in comparison to normoxic exercise. During a submaximal exercise, an overproduction of DNA strand break under hypoxic condition has been reported by Moller et al. (2001) whereas Bailey et al. (2001b) have found an increase of malondialdehyde (MDA), a lipid peroxidation marker, after strenuous exercise performed under normobaric hypoxia conditions (FiO 2 ¼ 0.16) as compared with normoxia.
The magnitude of oxidative damages depends on the ability of antioxidant defenses to neutralize free radicals (Sen, 2001 ). However, literature data are controversial. Some studies have shown that training could improve endogenous enzymatic antioxidant defenses (Robertson et al., 1991; Miyazaki et al., 2001) . On the contrary, Clarkson and Thompson (2000) reported after endurance training that acute exercise increased oxidative stress markers. It has been suggested that the non-enzymatic antioxidant mobilizations against the subsequent exercise-induced oxidative stress could not counterbalance the antioxidant enzymatic activity increase (Pincemail et al., 1988; Bailey et al., 2001b) .
Very little is known about the effect of exercise training associated with hypoxia. As suggested by Moller et al. (2001) , our hypothesis was that the cumulated effects of exercise and hypoxia on overgeneration of free radicals could outmatch the body antioxidant capacities and consequently the non-enzymatic antioxidant reserves could be partially depleted.
Therefore, the aim of our study was to investigate whether endurance training with high-intensity exercise sessions under normobaric hypoxia (3000 m simulated altitude) weakened the antioxidant status. To answer this issue, we investigated to what extent acute hypoxia during an intense exercise increased the oxidative stress markers and whether endurance training characterized by repeated intense exercise sessions under hypoxia would affect the antioxidant status.
Materials and methods

Subjects
The goal of 'living low-training high' protocol was to improve the running performance of trained athletes. Fourteen endurance running male athletes, recruited in local teams, participated in the study which was approved by the Ethics Committee on Human Research for Medical Sciences of Strasbourg Hospital. They received a medical examination with an echocardiography, and gave informed written consent. Means (7s.d.) for age, height, body mass and body fat mass were 30.876.8 years, 18174 cm, 73.477.6 kg and 11.473.4%, respectively. They had a normoxic maximal oxygen uptake (VO 2 max) of 61.873.7 ml min À1 kg À1 on treadmill. The inclusion criteria were to train at least five times per week, to have personal 10 km-run record of o35 min and to be less than 45 years old.
Experimental design
The study was divided into three periods (Figure 1 ): 1. The control period (2 weeks before the endurance training), which included anthropometric measurements (height, weight, fat mass), two maximal tests on ergocycle under both normoxia and hypoxia conditions, and performance tests. N o r m o x ia c y c li n g t e s t H y p o x ia c y c li n g t e s t P e r f o r m a n c e t e s t s P e r f o r m a n c e t e s t Training (6 weeks) 5 days
Post-training Pre-training Hypoxic training on antioxidant status V Pialoux et al 2. The endurance training protocol associated or not with intermittent hypoxia exposure during training which lasted 6 weeks. 3. The post-training period (5 days after the end of the training) including performance tests.
Control period
Forty-eight hours separated each maximal test. The first was performed on ergocycle (Ergometer Médifit 1000 S, Belgium) in normoxia (FiO 2 (inspired fraction of O 2 ) ¼ 0.21) and the second under normobaric hypoxia (FiO 2 ¼ 0.14), simulating an altitude of 3000 m. The normobaric hypoxic gas was obtained through an integrated system of N 2 enrichment (Altitrainer 200, SMTec, Genova, Switzerland). Before exercising, the subjects remained in resting conditions for 4 min breathing either ambient air or hypoxic gas mixture. The work load of the first stage was 80 W and was increased by 40 W every 2 min. The exercises were stopped when the subjects were no longer able to sustain the work at the required rate.
For each test, VO 2 , ventilation (VE) (Médisoft Ergocard, Belgium), ear arterial hemoglobin oxygen saturation (SaO 2 ) (Oxypleth, novametrix-medical system Inc., Wallingford, USA), heart rate and electrocardiogram were continuously recorded. About 2 ml of blood were collected from an antecubital vein after 1 min of recovery to measure lactate concentration (ABL 700 series, Radiometer, Denmark).
Performance tests
Before and after the training period, the performance tests consisted of two running maximal tests on treadmill (Gymrol 2500, Saint Etienne, France): the first in normoxia (FiO 2 ¼ 0.21) and the second under normobaric hypoxia (FiO 2 ¼ 0.14) simulating an altitude of 3000 m. The speed of the first stage was 10 km h À1 and was increased by 1 km h À1 every 2 min. The tests were stopped when the subjects were no longer able to sustain the speed. The VO 2 , VE (Médisoft Ergocard, Belgium), SaO 2 (Oxypleth, novametrix-medical system Inc, USA), heart rate and electrocardiogram were continuously recorded during both performance tests. The speeds corresponding to the second ventilatory threshold (SVT) defined as the Respiratory Compensation Point (Wasserman, 1987) were also determined in normoxia and under hypoxia. These speeds were used to adapt the exercise intensity during the training sessions.
Training protocol
The training program was determined with the help of the coach. Participants were randomly assigned into normoxic (n ¼ 6) and hypoxic (n ¼ ; 85.477.2% of VO 2 max assessed in hypoxia). Both groups exercised for the same duration and at the same relative intensity (i.e. the speed corresponding to the SVT assessed in normoxia for NG and under hypoxia for HG). The duration of SVT sessions was for 50 min with 3278 min at SVT. The two additional sessions were run at 80% SVT in normoxic conditions for both groups and lasted 60 min. SaO 2 and heart rate were continuously monitored during each session. NG values allowed to differentiate hypoxia from training effects.
Biochemical analysis
Blood was collected in sitting position from an antecubital vein in three 5 ml ethylenediaminetetraacetic acid tubes for biochemical (plasma) and hematological (total blood) analysis. The plasma was obtained by centrifugation of the samples at 1000 g for 10 min at 41C. Plasma was separated into aliquots and frozen at À801C for biochemical analyses.
Before (at rest) and immediately after the two ergocycle tests in control period, and at rest before and 5 days after the last training session (pre-training and post-training samples) were measured: 1. Oxidative stress markers: plasma AOPP and plasmaoxidized lipids measured as MDA. 2. Pro-oxidant status markers: plasma lipid oxidizability. 3. Antioxidant markers: plasmatic ferric-reducing antioxidant power (FRAP), lipid-soluble antioxidants (a-tocopherol, and b-carotene). 4. Blood lipids: plasmatic triacyglycerols (TGs) and total cholesterol (CH).
Hemoglobin concentration ([Hb]) and hematocrit (Ht).
Reagent
All reagents were purchased from Sigma Chemical Co. (Sigma-Aldrich, St Quentin Fallavier, France).
Plasma AOPP AOPP were determined in the plasma using the semiautomated method described by Witko-Sarsat et al. (1996) . Briefly, AOPP were measured by spectrophotometry on a microplate reader (Benchmark, Bio-Rad Laboratories, Hercules, CA, USA) using Microplate Manager software (Bio-Rad laboratories, Hercules, CA, USA) and were calibrated with chloramine-T solutions that in a presence of potassium iodide absorb at 340 nm. In test wells, 200 ml of plasma diluted 1/5 in phosphate-buffered saline (PBS) mixed with 20 ml of acetic acid was placed on a 96-well microliter plate (Nunc, Roskilde, Denmark). In standard wells, 20 ml of acetic acid was added to 200 ml chloramine-T solution (0-200 mmol l À1 ) mixed with 10 ml of 1.16 M potassium iodide. The absorbance of the reaction mixture was immediately read at 340 nm on the microplate reader against a blank containing 200 ml of PBS, 10 ml of potassium iodide and 20 ml of acetic acid. AOPP concentrations were expressed as micromoles per liter of chloramine-T equivalents.
Plasma MDA Concentrations of basal plasma MDA were determined as thiobarbituric-reactive substances by a modified method of Ohkawa et al. (1979) as previously described (Rayssiguier et al., 1993) . The pink chromogen was extracted with n-butanol (4 ml), and its absorbance was measured at 532 nm by spectrophotometry (Perkin Elmer Cetus, Norwalk, CT, USA). MDA concentration was calculated using 1,1,3,3-tetraethoxypropane as standard. Plasma lipid were subjected to oxidation by incubation with FeSO 4 (2 mmol/l)-ascorbate (50 mmol/l) for 30 min in a 371C water-bath in an oxygen-free environment. The amount of MDA newly formed was measured as above. The difference in MDA concentration between before (basal level) and after in vitro-induced oxidation as been referred as plasma lipid peroxidizability.
Ferric reducing antioxidant power
Plasma FRAP concentrations were assessed according the manual Benzie and Strain (1996) Lipid-soluble antioxidants a-Tocopherol and b-carotene were analyzed by reversedphase HPLC (Lyan et al., 2001 ) on a Waters (Milford, MA, USA) apparatus equipped with a 600 pump, a 710 automatic injector, and a 996 diode-array detector and controlled by MILLENNIUM 2.1 (Millipore Waters Chromatography, Millipore, France). Tocopherol acetate and echinenone (Sigma Chemical Co., St Louis, MO, USA) were added to samples as internal standards (for a-tocopherol and b-carotene, respectively). They were then extracted twice with hexane, after ethanol precipitation of the proteins. This extract was evaporated to dryness under N 2 and dissolved in methanol-dichloromethane (65:35, v/v). The samples were eluted on a Nucleosil 150 Â 4.6-mm C 18 column (Interchim, Montlucon, France) coupled with a Vydac-TP 250 Â 4.6-mm (Interchim) with acetonitrile, methanol, dichloromethane, and ultrapure water (70:15:10:5, v/v) as the mobile phase (2 ml/min); detection was performed at 292 and 450 nm for a-tocopherol and b-carotene, respectively. Identification was based on co-elution with authentic standards and ultraviolet lightspectrum comparisons. The sample loop size was 80 ml.
Quantification involved internal standardization and doseresponse curves established with authentic standards.
TGs and total CH
TGs and CH were assayed in plasma by using enzymatic colorimetric methods with commercial kits (Biomerieux, Craponne, France). The concentrations were measured spectrophotometrically (Hitachi U 2001; Hitachi Instruments, Inc, San Jose, CA, USA) at 505 and 500 nm for TG and CH, respectively.
Hematological analysis
Hb and Ht were determined on total blood using a Pentra 120 Analyser (ABX, Montpellier, France). The relative changes in plasma volume (% PV) were calculated according to the following equation:
)]À100 (Dill and Costill, 1974) where the symbol Pre and Post represent Hb and Ht values before and after maximal exercise, respectively. In pre-training tests, the post-exercise plasma values were corrected for relative changes in PV using the following equation:
Corrected
Statistics
Statistical analyses were performed using Statview software (5.0, SAS Institute Inc., USA). The values were expressed as means7s.d. The responses to maximal exercises were assessed using a two-factor (state (rest vs exercise) Â condition (normoxia vs hypoxia)) repeated-measure analysis of variance (ANOVA) followed by a paired Student's t-test. The responses to the type of training (normoxia vs hypoxia) were analyzed using a two-way (group: normoxic vs hypoxia and time: before vs after training) ANOVA. The values of the two groups were a posteriori analyzed with a Bonferroni test in order to compare the intermittent hypoxic exposure effect during training. Z-Fischer's test correlations were also used to analyze the relationship between two qualitative variables. The level of statistical significance was set at Po0.05 for all analyses.
Results
Maximal cycling exercise under normobaric hypoxia and normoxia conditions in control period Bioenergetic responses. Plasma AOPP No significant changes in AOPP were observed after normoxic exercise whereas hypoxic exercise induced a significant increase as compared to the basal level with (26%, P ¼ 0.04) or without ( þ 44%, P ¼ 0.001) plasmatic volume corrections (Table 2) . Moreover, the post-exercise hypoxic values were significantly higher than the corresponding normoxic ones ( þ 41%, P ¼ 0.04 without correction and þ 50%, P ¼ 0.04 with correction for plasma changes).
Plasma MDA As for plasma AOPP, no significant changes in basal MDA were observed after normoxic exercise whereas hypoxic exercise induced a significant rise of 56% of the basal level ( Table 2 ). The post-exercise concentrations were significantly higher in hypoxia than in normoxia ( þ 52% 
Plasma FRAP
No significant changes of FRAP were observed after both types of exercise with or without plasma volume corrections (Table 2) .
Plasma TGs and CH
Normoxic exercise increased TG ( þ 30%, Po0.001) and CH ( þ 14%, P ¼ 0.005) concentrations whereas no changes were observed after hypoxic exercise (Table 2) . When the values were corrected for DPV(%), only TG values remained significant ( þ 16%, P ¼ 0.02) after normoxic exercise. 
Lipids-soluble antioxidants
The maximal hypoxic and normoxic cycling tests induced significant increases of the same magnitude for plasmatic concentrations in a-tocopherol (24.4%, Po0.001 in normoxia and 17.8%, Po0.002 under hypoxia) ( Table 2) . When a-tocopherol values were corrected for plasma volume shift, post-exercise values remained significantly elevated in normoxia ( þ 10.5%, P ¼ 0.03) but not under hypoxia. Nevertheless, when a-tocopherol values were expressed relative to the concentrations of TG and CH, only hypoxic exercise induced significant changes ( þ 12% in a-tocopherol/CH, P ¼ 0.01 and þ 10% in a-tocopherol/TG, P ¼ 0.04) whereas the normoxic exercise values remained unchanged. Moreover, the post-exercise concentrations of a-tocopherol/ CH and a-tocopherol/TG were significantly higher in hypoxia than in normoxia ( þ 9%, P ¼ 0.02 and 14%, P ¼ 0.02, respectively). b-Carotene did not significantly change regardless the conditions.
Correlations
In post-exercise, a-tocopherol and TG concentrations were positively correlated (r ¼ 0.56, P ¼ 0.02 in normoxia and r ¼ 0.69, P ¼ 0.02 under hypoxia). Individual variation arterial oxygen hemoglobin desaturation was highly correlated (r ¼ 0.74, Po0.001) with the change in lipid oxidation during exercise (difference of basal MDA after exercise and basal MDA before exercise) (Figure 3) . 
Biochemical responses Plasma AOPP
In both groups (HG and NG), the endurance training did not change resting plasma AOPP (Table 3) .
Plasma MDA At rest, the endurance training reduced plasma basal MDA (before vs after training) by the same magnitude for NG (À19%) and HG (À16%) (i.e. À17%, P ¼ 0.01 for NG and HG pooled values). Only normoxic training significantly decreased plasma lipid peroxidizability (À50%, P ¼ 0.03) ( Table 3) . Figure 4 Resting FRAP values before and after training under hypoxic (HG) and normoxic (NG) conditions. Values are means7SD for six subjects for NG and eight subjects for HG. Significance of differences between pre-and post-training values: *Po0.05. was significantly lower (P ¼ 0.04) in HG than in NG after the training whereas we did not find any differences before the training.
Plasma FRAP
Plasma TGs and CH
In resting condition, no changes were observed after 6 weeks of training in TG and CH concentrations for NG and HG (Table 3) .
Lipids-soluble antioxidants
After training, a-tocopherol/TGs ratio was significantly reduced (À24%, P ¼ 0.04) in HG whereas NG values remained unchanged (Table 3) . Regardless the training conditions (hypoxia or normoxia), the training had no effect on resting b-carotene/TG ratio.
Correlation
The TGs and a-tocopherol individual training variations were significantly correlated (r ¼ 0.56, P ¼ 0.05) when the values of both groups were pooled.
Discussion
In accordance with our hypothesis, our data give evidence that the association of two oxidative stimuli (exercise and hypoxia) emphasized the ROS generation and the subsequent lipoperoxidation and protein oxidation markers. As a consequence, the repetition of such exercises performed under hypoxia during endurance training weakened the antioxidant capacities.
Effects of maximal exercise under normobaric hypoxia and normoxia conditions
Our results did not show basal MDA and AOPP changes after maximal exercise in normoxic conditions despite the number of studies reporting a rise of markers lipid oxidation (Sen, 1995) or protein oxidation (Radak et al., 2003) in the plasma after strenuous exercise. This discrepancy may be due to the higher training level of our subjects who might improve their pro-oxidant/antioxidant balance. Indeed, Yagi (1992) reported that blood lipid peroxide decreased in response to an acute exercise with increasing training duration. Similarly, Toskulkao and Glinsukon (1996) failed to find in long-distance runners, a plasma MDA increase after an exhaustive cycling exercise. It has been demonstrated that the high-level antioxidant enzymatic activities reached in responses to intense training (Miyazaki et al., 2001) could remove harmful effect of ROS. In contrast, the maximal exercise performed under hypoxia induced a significant increase in plasma MDA ( þ 56%) and AOPP ( þ 44%). Cellular generation of ROS under hypoxia was reported previously in animals at rest (Hitka et al., 2003) , and in humans at high altitude (Simon-Schnass, 1996; Jefferson et al., 2004) and in hypobaric chambers (Joanny et al., 2001) .
Our results are also in line with Bailey et al. (2001b) who reported increased oxidative stress also evaluated by MDA during a maximal exercise performed under hypoxia.
Therefore, it would be hypothesized that the cumulative effect of exercise and hypoxia resulted in ROS overproduction in the muscle which exceeded the endogenous enzymatic antioxidant defense of the subjects. The increase in plasma basal MDA and AOPP may reflect the cellular oxidation from the muscular compartment during the exercise performed in hypoxia condition.
In normoxia, it has been assumed that the 'electron leakage' from the electron transport chain proportionally increases with the O 2 flux. This assumption implied a constant ratio between superoxide anions and molecular oxygen. Therefore the subsequent ROS may increase proportionally with oxygen consumption (Alessio, 1993; Kanter, 1994) . Nevertheless, our data clearly indicated that the increase in mitochondrial O 2 flux was not the only source of oxidative stress during exercise as the maximal oxygen consumption was lower under hypoxia. On the other hand, an important finding was the strong correlation between arterial desaturation and lipid peroxidation products (r ¼ 0.74). Our results are consistent with the finding of Bailey et al. (2001b) who reported a significant positive correlation between arterial desaturation and lipid hydroperoxides after an exercise performed under hypoxia (FiO 2 ¼ 0.16). Thus, it is possible that arterial desaturation induced decrease in mitochondrial O 2 flux. In mitochondria, the lower oxygen molecule available to accept electrons from oxidative phosphorylation enhances reducing equivalents and resulting in reduction of molecular oxygen to anion superoxide (Kehrer and Lund, 1994; Mohanraj et al., 1998) . Moreover, as our blood samplings were performed after the hypoxic exposure, the reoxygenation of hypoxic tissue may have enhanced the O 2 flux in the mitochondria and the subsequent free radical production, as described after ischemia reperfusion (Askew, 2002) .
Surprisingly, the plasma a-tocopherol/TG ratio increased after hypoxic exercise and a-tocopherol concentration as well, but not TG. Such transient plasmatic vitamin E rise has been also described following normoxic (Pincemail et al., 1988) and hypoxic exercises (Bailey et al., 2001b) . Kawai et al. (1994) have reported that after strenuous endurance exercise, a-tocopherol changes were correlated to blood lipid variations. We also found significant relationships between a-tocopherol and TG concentrations in the plasma after the normoxic (r ¼ 0.56) and hypoxic (r ¼ 0.69) exercises. Thus, under hypoxic conditions, the increase in a-tocopherol/TG ratio could be explained by their higher mobilization from tissue in order to reduce the overgenerated ROS.
After exercise, the lipid peroxidizability increased in normoxia whereas it did not move under hypoxia. The lipid peroxidizability represents plasma potential to produce oxidized lipid as MDA after an in vitro-induced oxidation. Therefore, a decrease in plasmatic antioxidant capacity during normoxic exercise could explain the lipid peroxidizability rise. Nevertheless, this assumption is not in line with FRAP and a-tocopherol values that were the same after normoxic and hypoxic exercises (Table 2 ). Another possibility is that the available quantity of substrates (i.e. the blood lipids) might limit the in vitro oxidation. This hypothesis is supported by the increase in TGs and CH after acute exercise in normoxic conditions (Table 2) . Consequently, the higher plasma lipid peroxidizability after the normoxic exercise would be mainly explained by higher values of oxidizable lipids before the in vitro oxidation.
Consequences of repetitive exercise in hypoxia during training on antioxidant/pro-oxidant balance In spite of the small number of subjects, the repetition of 12 intense exercises associated with hypoxia, similar to the one performed in control period induced a decrease in plasma FRAP (À20%) and a-tocopherol/TG ratio (À24%) whereas the training without hypoxia exposure had no effect on the antioxidant capacities ( Figure 4 and Table 3 ).
By mobilizing the antioxidant defenses in view to neutralize ROS overgeneration during each training session performed under hypoxia, this 'living low-training high' model may have induced a decrease in antioxidant capacities. The improvement of antioxidant defenses that are usually observed after an endurance training performed at sea-level (Ohno et al., 1988; Robertson et al., 1991; Di Massimo et al., 2004) could be due to an increase in antioxidant enzyme efficacy (Ohno et al., 1988; Miyazaki et al., 2001) and to a less extent to a plasma rise of antioxidant nutrient such as a-tocopherol (Robertson et al., 1991) . Nevertheless, from studies in human (Margaritis et al., 1997) and rats (Moran et al., 2004) , it seems that the upregulation of antioxidant enzymes activities following an aerobic training could depend on the pre-training level and on the duration the training. Indeed, highly trained athletes seem to exhibit antioxidant enzymes activities close to their maximal level (Dernbach et al., 1993) that could justify the lack of antioxidant adaptations in NG.
On the other hand, the HG results are consistent with several studies showing that antioxidant efficiency was reduced after training at moderate altitude (3000 m) (Vasankari et al., 1997; Chao et al., 1999; Subudhi et al., 2001) . Pre-training tests give evidence that strenuous exercise performed under hypoxia magnified oxidative stress as compared to the same normoxic exercise. The repetition of such stimuli during training could reduce the antioxidant pool especially if the non-enzymatic antioxidant dietary cannot match their utilization (Sen, 2001) . It has been recently described that a-tocopherol and/or b-carotene depletion weakened antioxidant status (Winklhofer-Roob et al., 2003) . Thus, these results suggest that our subjects may have insufficient intakes in antioxidant nutrient. The most common dietary strategy of endurance athletes (Burke et al., 2003) consists in increasing carbohydrate intakes and reducing lipids that are the most suppliers in lipids-soluble antioxidants. We recently found in an another group of elite runners that vitamin A and E intakes were fivefold lower than dietary allowances recommended for endurance athletes (unpublished data).
To conclude, this study provides strong evidence that 6 weeks of 'living low-training high' model worsened antioxidant capacities. The exposure of two independent stimuli (exhausting exercise and hypoxia) may have a cumulative effect on oxidative stress. As a consequence, the repetition of antioxidant demand during such training sessions outmatched the antioxidant intakes. Therefore, further researches are necessary to investigate whether an antioxidant supplementation could maintain antioxidant capacities in highly trained athletes submitted to hypoxia during intense training sessions.
